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EFFECTS OF MAIN-SEQUENCE MASS LOSS ON THE
TURNOFF AGES OF GLOBULAR CLUSTERS

Joyce A. Guzik
Applied Theoretical Physics Division, Los Alamos National Laboratory

ABSTRACT

Willson, Bowen, and Struck-Marcell (1987) have proposed that globular cluster
main-sequence tumofT ages can be reconciled with the lower ages of the Galaxy and universe
deduced frum other methods by incorporating an epoch of early main sequence mass loss by
stars of spectral types A through carly-F  The proposed mass loss 14 pulsation-driven, and
facilitared by rapid rotation. This paper presents stellar evolution calculations of Pop 11
(Z=0.00]1) mass-losing stars of initial mass 0.8 10 1.6 M. with exponentially decreasing mass
loas rates of e-folding times 0.3 to 2.0 Gyr, evolving to a final mass of 0 7 Mg The
calculatons indicate that a globular cluater with a nt umofT age 18 Gyr could have an
actual age as low as ~12 Gyr  Observational implications that may help o venfy the
hypothesis, e.g. low C/N abundance ratios among red giants following fint dredge up, blue
stragglen, red giant deflciencies, and signatures in cluster massluminostty functions, are alo
discussed



A continuing problem in stellar astrophysics is reconciling globular cluster ages vrith the
age of the Galaxy and universe deduced by other methods. The Hubble age denived from
galaxy redshifts (assumning zero cosmological constant) has been quoted by vanous groups at
between 6.9 Gyr (de Vaucouleurs 1982) and 13 Gyr (Tammann and Sandage 1985). In :
contrast, globular cluster ages derived from standard siellar evolution theory are persistently
older. Peterson (1987) uses the luminosity difference between the honzontal branch and
main-seq. ence rumofT to dewermine ages of 41 globular clusters, and finds ages ranging from
11 Gyr (Pal 12) to 22 Gyr (NGC 6397). Janes and Demarque (1983) find from parametnzed
fits of 15 globular cluster sequences to those of theoretical isochrones that globular ciusters
have an age of about 16.6 + 0.5 Gyr. and conclude that “globular clusier ages as young as 10
Gyr would would require large correchions [in the metallicity scale or mixing length} and would
yield cluster properties inconsistent with observation.”

L. A. Willson, G. H. Bowen and C. Struck-Marcell (1987) have recently proposed a
modification 10 standard stellar evolution theory that could reduce the ages of g.obular clusters,
they suggest that stars of spectral types between A and late-F or carly (i, umving on the main
sequence al its intersection with the Cepheid pulsation insubility stp, may lose a substanual
portion of their mass during the carly part of their main sequence phase The proposed mass
loss is pulsation-driven, and facilitated by maprd rotation. Mass-loss rates a» large as several
times 10-° Mg/yr, diminizhing over timescales of 1090- 109 years are expecied Mass loss
ceases 11 envelope convecton zones develop, channeling mechanical energy away from
pulraton, and as mag etic fields deveiop, ransferning angular momentun to the outflow and
braking rowation The final mass may depend upon metallicity, since the stellar masy
craresponding to the red edge of the pulsation instability stnp. or the mass at which stan
develop convective envelopes, decreases with decreasing Z. In this scenano, the
main-sequence tumoff becomes an invalid indicator of cluster age. as stams located at ihe
apparent turnoff may have evolved from s of higher 1niual mass; hence clustens may
actually be younger than they appear Willson et al suggest tha 1t 1a poanible that glot.uiar
clusters are no older than 7-10 Gyr.

Thus paper present results of stellar evolunon calculanons for low metalhoity stan
including main-sequence mass loss. with the gasl of determining the maximum globular cluster
age reduction that can be achieved without genersting inconsistencies wath obscrved clusier
properues  The evolution calculations were conducted using the iben 1965 siellar evolution
code as modified by Brumish (1982) The man losing models have imnal massen O K 1 0.
12, 14and | 6 M, imual 4}1e mass fraction Y-0 25, imtal metal shundance 7. 0 (X)) and
constant mixing-length/pressure scale height rato tphen - 1 25 The madels lose mass with

exponentially-decreaning mass loss rates of charactenstic e folding nine tevolving towartd a

final mass of 0 7 M, so that the sellar mass as a funchon of time 1



M =0.7+(M_-07)e" M_

The effectve temperature of the 0.7 Mg model is ~5800 K, and the effective temperature of the
1.6 Mg model is ~10,500 K, so we are postulating mass loss for stars between spectral types
AO and early-G. Mass-loss timescales of 0.5, 1.0 and 2.0 C.yr were considered.

Table 1 shows the main-sequence lifenmes, and Figure ; 1-4 show example evolutionary
uacks of the models with | Gyr mass-loss umescales. A cluster with tumoff mass 0.7 M, and
metallicity 0.0C1 would have an age deduced from suandard evolution calculauons of ~18 Gyr
If the mass-loss timescale is short compered to the main-sequence lifetime, the mass-losing
models follow the normal constant-mass main sequence closely as they evolve down to 0.7
Mg after this, their evolutionary tracks are nearly indistinguishable from the consant 0 7 M,
mode] tack for the remainder of main-sequence and first giint-branch evolution. However,
their main-sequence lifetimes can be significanty shorter, as low as 8-12 Gyr, instead of 18
Gyr. Consulting Table 1, a clusier's age can be reduced from 18 Gyr 1o 12 Gyrf present
turnoff stars were originally 1.4 Mg with mass loss tumescale 0.5 Gyr, 1.2 Mg with mass-loss
timescale 1.0 Gyr, or 1.0 Mg with mass-loss umescale 2.0 Gyr. In this manner, clusters with
well-delineated main-iequence tumnoffs and giant branches can be generated that are in reality
much younger than they appear from their main-sequence turmofT.

Table 1. Main-Sequence Lifetimes of Constant-Mass and Mass- Losing Models

Mass-Loss Timescale (Gyr)

Ininal Mass (Mg) - 0s 10 20
0.70 179
0 80 11.0 172
1.00 LN 151 124
1.20 26 123 76
1 40 1.4 131 91
1.60 10 106

Characternes of some Populauon | clusters, e g broad main sequence wumoffs and
blue stragglen, support the suggestion of such masy loss, but evidence may necessanly he
mare elunave in the case of globular clusten, as the epoch of early main sequence mass loss i
completed for most, if not all cluster memben  Compared to Popuiatnon I clusters, globular
clustens have well-delineased turnoflfs and giant branches (Renzin and Peccr 198E). and more
evidence that their bloe straggler population can be sccounted tor by binary mass transfer



(Eggen and Toen 1989). However, the lack of evidence for a significant percentage of binaries |
* among globular cluster stars (sec ¢.g. Anthony-Twarog 1987, Riche: and Fahiman 1984,
1986) and the presence of scores of blue stragglers in a number cf globular clusters (Nemec
and Harris 1987) weakens the binary—-blue straggler connection, and main-sequence mass loss
* - :nay offer an explanation for at least some of these blue stragglers as non-mass-losing stars that
were left behind when other stars “slid down" (0 lower masses.

A significant portion of the first giant branch stars in many globulars clusters, e.g. NGC
362, MS, M3, M15, M92, 47 Tuc. NGC 6752 (VandenBerg and Smith 1988), NGC 6171
(Sniith 1988) and MSS (Richuer 1988), have low C/N abundance ratios inconsistent with
standard stellar evolution. For M1S and M92, the onset of ist dredge-up occurs at luwer
luminosity and is more pronounced han expected; for the other clusiers, the CN abundances of
-- giants a1 the same lumuinosity is bimodal; for 47 Tuc the bimodality persists dowr to the main
sequence. Explanations proposed to date, deep mixing at some evolutionary phase
~ (VandenBerg and Smith 1988). and binary mass-transfer or coalescence (Campbell 1986),
-, have not been entirely satisfactory. Main-sequence mass loss also suggests an explanation for
>, the above observations (see Table 2): Early evolution at higher mass would increase the
: : propartion of the star exposed 10 partial CN-cycle processing; this mawznal then lies closer 10 '
:.} the surface, and can be mixed to the surface esrlier by a convective envelope of usual depth
The bimodal abundances could be accounted for by giants with varying initial masses and
mass-loss timescales. Finally, if a su loses over 1/2 of its mass on the main-sequence, the
CN-processed material is already exposed uunng the main-sequence phase

Table 2. X('2CVX(}4N) of mass-losing models with final
mass 0.7 Mg after 13t dredpe-up phase

Mass-Loss Timescale (Gyr)

lnina) Mass (Mg) 0.5 1.0 20
0.80 304 .
1.00 297 192
1.20 176 113
1 40 0.679 0471
1.60 0.139

Clusten with members that expenenced main sequence mass loss should show s
deficiency of giants, since ran currzntly populaung the gtant branch had higher progenitos
masser, and should exhibit signatures of such mass Joas in their mass/lumiosity fupcbons
The deficiency may not appear as marked ms expected. as the imtial mass funcuony deduced



from main-sequence lurninv;sity functions would be flatter if the effects Bf;nmn sequence mass
loss were laken into account Table 3 shows the percentage expected giant deficiency |
assurning & Salpeter (1955) IMF &(m) = m-(1+x) with rwo different slopes x, and for different :
mass-loss e-folding mes, assuming that an age reduction f-om i8 Gyr down to 12 Gyt is
desired.

Table 3. Expected % giant deficiency for globular cluster age reducaon from
18 Gyr 10 12 Gyr
Mass-Loss e-folding Time (Gyr)

IMF x 05 1.0 20
-1.35 82 72 57
00 52 42 20

, Some evidence exists for giant deficiencies among Pop. Il clusters  Green (1981) found
* a few globular clustery toward the Galactic center (M55, M 10 and NGC 6:71) that appear o

- have a real deficiency of bright giants. A numbey of sparse globular clusters (e.p. E3, Hesser

;. etal 1984: Pal 12, Harris and Canterna 1980. and AM-4, Inman and Camey 1987) also have

e few (or no) giants relative to their more-populous counterparts. Sil'chenko (1987) uses

... integruted B-V colar, which samples primanily the giznt and subgiant brunch as opposed to the

main-sequence stars, to denve the ages of 10 globular lusters; he finds that these populations
indicate ages of only 6- 12 Gyr for most of the clusters, and an age of 14 Gyr for the oldest

;. cluster, NGC 6397 (dated by Peterson at 22 Gyr). Ihe IMF denved for 47 Tuc (Mceylan 1989)
© changes slope sharply at the main-sequence umoff, from nearly flat, x = 0.2-0 3 for
main-sequence s, to X = 2.75-3.3 for giant-branch stans, highlighung a potential giant
deficiency and excess of main-sequence tumnofY stars. Many low-Z globular ciusters (MS,

- MIS, M68, M92, NGC 6397 and NGC 6732, sec c.g. McClure et a! 1986) exhibit a lattening
in their main-sequence luminosity funcuons st 6<M, <7, a little beiow the main-sequence
tumofY; this could be indicative of an expecied pileup of stans where mass-loss becomes
ineffective. Whue these findings are suggesnve, they are not neccssarily umiversal, and 1t may
prove very difficult 10 explasn why main-sequence mass loas shou!d occur in some, but not all.
clusters Of course, if some old clusters are exempt, the advaniage of reconciling globular
cluster ages with the Hubble age 1 loat
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Fig. 1. Evolutionary oack of mass-losing mode! with Z-0.001,
ininal mass 0.8 Mp. final mass 0.7 Mg, and c-folding
mass-loss umescale | Gyr.
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Fig. 2. Evoluuonary track of mass losing model with Z-0.001,
initial mass 1 0 Mg, final masy 0 7 M@. and ¢ foiding
mass-loss umescale 1 Gyr
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Fig. 3. Evolutionary mack of mass-losing model with Z-0.001,
initial mass 1.2 Mg, final mass 0.7 Mg, and e-folding
mass-loss imescale 1 Gyr.
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Fig. 4. Evolubonary track of mass losing model with 7.-0.001,
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